High selectivity provided by biomolecules such as antibodies and enzymes has been exploited during the last two decades for development of biosensors. Of particular importance are efficient immobilization methods for biomolecules in order to preserve their biological activities. In this study, we have evaluated immobilization strategies for an anti-DNA antibody on a self-assembled monolayer of ω ω ω ω-functionalized thiols. The antibody was immobilized via peptide bond formation between the primary amines in the antibody and the carboxyl groups on the selfassembled monolayer. The peptide bond coupling was achieved by activating COOH groups on the surface through N-Hydroxysuccimide (NHS)-ester formation, followed by acylation of NH 2 group in the antibody. DNA binding activity of the immobilized antibody was examined by counting β β β β emission from 35 S-labeled DNA.
Introduction
One of the most important factors for precise diagnosis of various diseases is detecting the target molecules, possibly pathogenic biomolecules in the early phase of the disease. Detecting biomolecules such as drug metabolites, hormones and proteins in very small quantity also has valuable importance in the evaluation of the treatment of various diseases. Because the immunologic methods of quantifying concentrations of biomolecules provide exquisite sensitivity and specificity, immunoassay methods have become standard techniques for both research and clinical applications (Abbas et al., 1997; Roitt et al., 1998) . Radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) are used extensively for quantification of antigens in solution. In RIA, the molecule to be detected is labeled with a radioisotope. Thus, the quantity of the molecule is measured by photoemission in a scintillation counter. In ELISA, the molecule to be detected is covalently coupled to an enzyme, thus, it can be quantified by determining the intensity of color development by the enzyme with a spectrophotometer. These immunoassay methods are easy to use and efficient because a large number of samples can be processed at the same time. In addition, the RIA technique is highly sensitive for detecting antigens and antibodies, and is economical because it uses small amounts of reagents. Various kits based on the immunoassay technique are arailable for the trace level detection of biomaterials. However, these kits are expensive, and often do not yield reproducible data.
Recently, there is increasing interest in the immobilization of biomolecules based on a surface-derivatization method using spontaneous self-assembled monolayer formation of thiol molecules (Mirsky et al., 1996; Rickert et al., 1996; Madoz et al., 1997) . Immobilization of a number of different antibodies such as anti-hCG (human chorionic gonadotropin) (Duan and Meyerhoff, 1994; Klonisch et al., 1996) and anti-HAS (human serum albumin) antibody (Welsch et al., 1996) . etc., has been tried based on the chemical coupling method using EDC (1-ethyl-3-[3-(dimethylamino) propyl]carbamide) alone or NHS (N-hydroxysuccinimide) with EDC at different coupling conditions. Development of such new immobilization methods for preparation of solid phase antibody is critical in various immunoassay methods such as ELISA and RIA as well as various biosensor techniques.
In this study, chemical immobilization of antibody on a solid surface has been developed based on a wellknown biochemical coupling method that has been used for solution phase coupling. We chose anti-DNA anti-body as a model system for immobilization because of the increasing importance of detecting DNA in many research and clinical fields. We used a lower concentration of antibody in immobilization reaction compared to those used in other reports (Duan and Meyerhoff, 1994; Welsch et al., 1996; Berggren and Johansson, 1997) , demonstrating higher efficiency of immobilization. Anti-DNA antibody was immobilized on a solid surface that was chemically derivatized by using self-assembled monolayer formation of thioctic acids, and we confirmed the activity of chemically immobilized anti-DNA antibody. Therefore, we present here the selective detection of DNA in very small quantity with the immobilized anti-DNA antibody.
Materials and Methods

Materials
Chemicals for immobilization reaction are purchased from the following sources; (D,L)-thioctic acid (Aldrich, USA), 1-ethyl-3-[3-(dimethylamino) propyl]carbamide (EDC) (Sigma, USA), and N-hydroxysuccinimide (NHS) (Pierce, USA). Gold-coated polyvinylidene fluoride film (Au thickness, 1,000 Å) was purchased from Measurement Specialties Inc., USA. Mouse anti-DNA monoclonal antibody was purchased from Chemicon International, USA. Anti-DNA antibody was produced by using calf thymus DNA as an immunogen and this antibody recognizes both single-and double-stranded DNA. Taq polymerase, and deoxy nucleotide mixture (dNTP) were obtained from Takara, Japan. [α-
35 S] d-ATP (1,250 Ci/ mmole) and scintillation cocktail solution were purchased from NEN, and ICN, USA, respectively. Universal and reverse primers were synthesized from Bioneer, Korea. Other chemicals were purchased from Sigma, USA, or from other common sources.
Immobilization of Anti-DNA antibody
Gold film was carefully cleaned with Piranha solution (30% H 2 O 2 : concentrated H 2 SO 4 =1 : 3) for 1 min. The film was soaked in 10 mM thioctic acid in absolute ethanol for overnight, rinsed with ethanol and dried. Then, it was immersed in 20 mM NHS and 20 mM EDC in anhydrous ethanol for 2 hr to activate the COOH groups on the surface and rinsed with ethanol. Activated film was incubated with diluted anti-DNA antibody (1 : 1,000 dilution in MES buffer, pH 7.0) at 4°C for overnight, and the film with immobilized antibody was incubated in 5% ethanolamine for 10 min to deactivate unreacted carboxyls.
Radioactive labeling of DNA by polymerase chain reaction (PCR)
We used bacterial plasmid DNA, pBluescript as a template DNA. Plasmid DNA was purified from E. coli strain DH5α transformed with pBluescript plasmid DNA as described in Sambrook et al. (1989) . Concentration of DNA was measured by UV spectrophotometer (Pharmacia Biotech Ultraspec 2000, USA). A typical PCR mixture contained 200 ng of DNA, 0.4 µM each of universal and reverse primer, 50 µM of dNTP, 2.5 U of Taq polymerase and 0.1 vol. of 10x buffer in 100 µl final volume. For labeling purpose, 2 µl of [α-
35 S] d-ATP was added to the reaction mixture. The reaction mixture was heated to 94°C for 5 min. The PCR profile was 94°C for 30 sec, 50°C for 1 min, and 72°C for 30 sec for 30 cycles, followed by 72°C for 10 min. We always ran labeling reactions with the standard control reaction side by side. After PCR, an aliquot of the control reaction was analyzed on 1.2% agarose gel containing 0.5 µg/ml ethidium bromide to confirm the generation of PCR product.
Immunoassay
Antibody-immobilized film was blocked with 5% bovine serum albumin for 30 min, and washed with TBST (20 mM Tris, pH 7.8, 150 mM NaCl, and 0.05% Tween-20) for 3 times for 3 min each. Then, the labeled DNA was added to the film and incubated for 2 hrs at room temperature. After incubation, the residual solution was discarded and the film was washed for 3 times for 3 min each. The film was dried and the β-emission was measured with a scintillation counter (Wallac, system 1400, EG&G Co., Finland).
Results and Discussion
Gold film was chosen as a solid support for immobilization of anti-DNA antibody in order to use the wellknown chemisorption reaction of thiols and disulfides (Finklea et al., 1987; Bain et al., 1989; Ulman, 1991; Zhong and Porter, 1995; Ulman, 1996) . In this study, the gold surface was derivatized with thioctic acid, a ω-carboxylated thiol. Immersion of film in the thioctic acid solution resulted in spontaneous formation of sulfur-gold bonds, thus a molecular monolayer of thioctic acid was formed on the surface of gold (Figure 1) . NHS activates the carboxyl groups of the thioctic acids on the gold surface by forming NHS ester in the presence of EDC. The NHS-activated carboxyl group, produced in this method has much longer lifetime than the reaction intermediates formed with EDC alone (Hoare and Koshland, 1967; Grabavek and Gergely, 1990; Mirsky et al., 1997) . These NHS ester-activated carboxyl groups readily react with primary amine groups of antibody by forming peptide bonds (see Figure 1 ). This final coupling step competes with the hydrolysis of NHS esters, the activated carboxyl groups. Thus, in aqueous solution, uncoupled NHS-activated carboxyl groups are deactivated by spontaneous hydralysis by water molecules.
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The immobilized anti-DNA antibody was incubated with the antigen, which is the radioactively labeled DNA. The DNA used in this study was the PCR product of 229 bp containing the major portion of multiple cloning sites of pBluescript (see Materials and Methods for details). Figure 2 shows that the immobilized anti-DNA antibody has specific binding activity to DNA. The control film was prepared with a thioctic acid monolayer formation followed by coating with bovine serum albumin for blocking nonspecific binding. While the control film showed a low signal, the antibody-immobilized film exhibited significantly higher signals, up to 4 times as high as the control. Our data showed that even after chemical immobilization on to the solid surface, the anti-DNA antibody retained the ability to bind specifically to the antigen DNA. The DNA bound to the immobilized-DNA antibody was stable during the exhaustive buffer wash whereas the radioactivity in the control was further removed.
It is noteworthy that the concentration of antibody used in this study (~50 µg/ml) was about 20-40 times diluted, compared to those used in previous experiments (1.0-2.1 mg/ml) (Duan and Meyerhoff, 1994; Welsch et al., 1996; Berggren and Johansson, 1997) . This is important since the antibody concentration used in previous methods is not realistic in practical applications due to the high cost of antibodies. In the present study, the COOH groups on the surface were activated to form NHS-esters which have longer lifetime in aqueous solution (e.g. 2 hrs at room temperature, at pH 6.0) (Grabarek and Gergely, 1990 ) than EDC-activated COOH groups (e.g. less than 1 sec at room temperature, at pH 4.75) (Hoare and Koshland, 1967) . Due to the longer lifetime of the NHS-activated COOH, the coupling efficiency is increased dramatically. Therefore, the present scheme works efficiently in much lower antibody concentration. Figure 3 shows concentration dependence of the binding signal between immobilized anti-DNA antibody and antigen DNA. In our study, the detection limit was estimated to be ~10 −11 M. In the concentration range of 1.25 to 15.7 × 10 −11 M, the binding signal showed a near linear dependence on the DNA concentration. When the concentration was higher than 1.57 × 10 −10 M, the binding of DNA to the immobilized antibody seemed to be saturated. We also tried immobilizing anti-DNA antibody at different pHs (pH 6.0, 8.0, and 9.0), but the result obtained at pH 7.0 gave 10-30% higher signal compared to the results obtained at other pHs (data not shown).
In this study, we have shown that the antibody can be immobilized on the solid surface by a chemical immobilization method with preservation of its binding activity. As an example, it was demonstrated that a selective and quantitative detection of DNA can be accomplished based on the solid-phase immobilization of anti-DNA antibody. Although the present detection scheme utilizes radioisotope labeling of DNA by using the PCR method, the same immobilization scheme can be easily adopted for other immunoassay methods such as ELISA as well as other various biosensor techniques based on electrochemical and optical detection methods. The fact that antibodies with different antigen specificities are known to possess a common skeleton structure suggests that the present immobilization method can be applied to other antibodies for selective detection of various antigens which are important for clinical and research purposes. We are currently further investigating optimal immobilization conditions using kinetic studies with varying pHs and COOH concentrations.
